An asymmetry measure is introduced to characterize thin-film optical waveguides that are asymmetric in refractive index. Together with the usual normalized frequency this allows the plotting of universal charts from which the guide cutoff, the effective guide index, and the effective guide thickness can be determined by the use of simple scaling rules. The minimum value of the effective guide thickness is found to be a simple function of wavelength and the film and substrate indices.
1. Consider the cross-sectional view of a planar waveguide structure based on Silicon guiding layer and Silicon Dioxide cladding layers as shown in the figure. Calculate the following quantities at an operating λ 0 =1.55 µm: (a) V number (b) Number of even and odd TE modes that will be guided in this structure (c) Effective index (n eff = β/k 0 ) of each of these modes (d) Calculate the value to which the thickness, d, of the guiding layer needs to be reduced to make it a single mode waveguide.
to be a simple function of wavelength and the film and substrate indices.
I. Introduction
The thin-film optical waveguides employed in the guided-wave devices of integrated optics 1 -3 consist usually of three different materials, one for the substrate, one for the film, and the third for the cover or superstrate. Even if the guide can be considered as an infinitely extending slab or sheet, the designer interested in such guide characteristics as the effective guide index and the effective guide width is confronted with five parameters. These are the refractive indices ns, n, and n, of the substrate, the film, and the cover, the film-thickness f, and the free space wavelength or propagation constant = 2 7r/X = w/c of the light. The purpose of this paper is to show how the number of independent parameters can be reduced by the introduction of appropriately normalized parameters and associated scaling rules and to provide universal plots from which the effective guide index and the effective guide thickness can be determined for any slab-guide configuration. Together with the scaling rules these plots give a compact overview of the above waveguide characteristics and of the various design possibilities.
Clearly, one basic guide parameter to use is the normalized frequency or film thickness V, defined as
Similar normalizations have already been employed with advantage in the analyses of optical fibers 4 ' 5 and of slab 6 and rectangular 7 film guides.
As a second basic parameter we introduce a measure for the index asymmetry of the waveguide structure. This measure is defined in a somewhat different way for the TE and the TM modes, and its values for practical guide configurations can range from zero (for perfect symmetry) to infinity. For TE modes these two basic parameters are sufficient to allow the charting of universal plots. This turns out to be possible even for cases where the differences between the substrate and film indices are large. For TM modes an additional parameter is necessary in the general case. But if the differences between the substrate and film indices are small (while allowing arbitrary indices for the cover!) the number of required parameters reduces to the two upper ones, and one finds that the universal plots of the TE-modes can also be used for the TM-modes. This is particularly gratifying because the difference between the substrate and film indices is, indeed, small in the majority of practical cases. We propose to investigate the universal plots in some detail. In addition, we will also explore the range of their applicability to TM modes as the differences between the substrate and film indices become larger.
We consider asymmetric slab waveguides such as that sketched in Fig. 1 . The propagation constant f of the guide and the related effective guide index N= 0/k (2) are determined by the dispersion relation 3
Kf=m7r+ ,+ Ck m=0,1,2,..., (3) which is the basis for our discussion. Here m is the mode number, 05 and tic are the phase shifts associated with total reflection of the light from the filmsubstrate and film-cover interfaces, and K is the transverse propagation constant given by
To determine the phase shifts and the effective guide width we also need the decay constants oys and ty in substrate and cover, which are given by 3 '
After these general remarks we shall deal separately with the TE modes and the TM modes. 
TE Modes: Guide Index and Effective Width
For TE modes it is convenient to use a parameter b which we call the normalized guide index and which is defined by
Assuming n > nc this normalized index takes on values between zero and unity. At the cutoff of the Nz n + b(nf -n,
asymmetry (a --if n 8 F n and ns -nf ). To illustrate this, Table I lists the refractive indices of three practical guide structures together with the corresponding asymmetry measure (a = aE). The first example shows the waveguide parameters 9 of a GaAlAs heterostructure laser at 0.9 Am. The second example refers to a sputtered Corning 7059 glass waveguidel at 0.6328 Am and the third to the outdif- Vo= tan-(01/2 (11) which, in terms of film thickness f and wavelength A, takes on the form (12) This reflects the well-known fact that there is no cutoff for a symmetrical guide (V = 0 if a = 0). For a highly asymmetrical guide (a -a) such as the LiNbO 3 guide listed above we get a cutoff at V = 7r/2, or
The cutoff Vm for the mode of mth order occurs at (13) which holds for small differences of the substrate and film indices [(n -ns)/nf < 1].
In the case of TE modes, the formulas for the phase shifts Os and 0c are
We use these formulas together with Eqs. (4) and (5), and the definitions for V and b, to rewrite the dispersion relation Eq. (3) in the normalized form
This form indicates that the guide index b = b(Va) depends on only two independent parameters: the normalized frequency V and the asymmetry measure a defined by a = (n. 
-n,')/(-
This measure is related to the -q parameter used by Anderson. 6 As we assume that nf > n > n, the measure a can range in value from zero for perfect symmetry (a = 0 if ns = n) to infinity for strong 
When the mode number m is large, Vo < mar, and the above expression becomes the well-known formula for the number of allowed guided modes
Our first universal chart is a plot of Eq. (9) showing the dependence of the guide index b on the normalized frequency V for various values of the measure a. Figure 2 shows these dispersion curves for the first three modes. Figure 3 shows the same curves on an expanded scale for the fundamental and additional values for a. On this figure we have also marked the single-mode limit V, (i.e., the first order cutoff).
To discuss the nature of these dispersion curves in more detail we calculate the slope from Eq. (9), which is
As indicated by the right-hand side of this equation, we find that the slope is related to the effective width of the guide defined later in Eq. We use a normalization analogous to that for V and define a normalized guide thickness Wby
This, together with Eqs. (5) and (6), allows us to rewrite Eq. (21) in the normalized form 
73). Equation (25) predicts a minimum value for the effective guide width Wmin
which depends only on the wavelength and the film and substrate indices.
Ill. TM Modes: Guide Index and Effective Width
The situation for the TM modes is analogous, but not quite as simple as for the TE modes. The formulas for the phase shifts appearing in the disper- 
The somewhat different form of these expressions compared to those for the TE modes makes it necessary to define the normalized guide index b in a different way, namely,
which, after some algebraic manipulation, is seen to be equivalent to
and where the reduction factor q, is given by13
This is a somewhat more complicated definition, but it maintains the range of b = 0 at guide cutoff and b = 1 far away from cutoff. The simple relation of Eq. Here the asymmetry measure for TM modes has been defined as
.0
Note that we have defined the asymmetry measure in a somewhat different way for the TM modes than for the TE modes, and the dispersion Eq. (30) has a more complicated form. Apart from V there are now at least two independent parameters needed to represent a general waveguide structure. As each one of the parameters a, d, and q depends only on the index ratios ns/nf and nc/nf [see Eqs. (29), (31), and (32)], these two ratios can be used as independent parameters. However, we find it more convenient to use the parameters a and ns/nf instead. the TM modes also, with the only difference between the TE and TM modes being the different definitions and values of the asymmetry measure a. In Table I we have included the values of a = a for the TM modes for our waveguide examples, and we note considerable differences between aE and aM. Let us, now, explore what happens when ( -nJ) gets larger and consider first the dispersion relation at and near cutoff. We note that for b = 0 the terms
/n, and d drop out for any value of ( -ns), and we have exactly the same relations Eqs. V. kf (nf 2 -n, 2 ), Neglecting the term bd makes the right-hand sides of Eqs. (9) and (30) identical and leads to the relation 
where the reduction factor q, is given by13
In terms of the normalized width W and frequency V and using Eq. (5), we can write Eq. (37) as
This is, again, a somewhat more complicated expression than its TE counterpart Eq. (23). As in the case of the dispersion equation we obtain a simplification in the case of small (f -ns), where we have the approximation qcnc2/nf2 = 1 -( -b)(1 -n,/nf2)(1 + nC2/nf2). (40) We observe that in this case, again, all the relevant terms become equal to unity, and Eqs. (23) and (39) become identical in form. Consequently, the effective thickness chart of Fig. 4 can also be used for the TM modes when (f -ns) is small enough. The deviations that result when (f -n) becomes larger are shown in Fig. 6 which has been calculated from Eq. (39) for the values of a = 0, 1, 10, and . Again we have observed that the term bd can be neglected without causing noticeable differences in the charts, with errors in W smaller than 1%.
IV. Conclusions
We have shown that an asymmetric slab waveguide can be characterized by two normalized guide parameters. The first is the familiar parameter V that contains the film thickness and the optical frequency. The other is an asymmetry measure that is defined differently for the TE and TM modes. These two parameters determine the cutoff and dispersion characteristics of the guide as well as its effective thickness. A summary of the definitions of the basic waveguide parameters is given in Table II . The introduction of these parameters allows us to plot two universal charts, from which we can determine the guide index and the effective thickness for any slab guide configuration by following simple scaling rules. These two charts are applicable to TE modes without restriction and also directly to TM modes with the restriction to small film-substrate index differences.
